I. INTRODUCTION
etal-semiconductor-metal photodetectors (MSMPDs) are very attractive devices for optical fiber communication systems, high-speed chip-to-chip connections, and high-speed sampling [1] [2] . The operation of an MSM-PD can be classified into two groups, according to whether its intrinsic speed is limited by recombination time or transit time. In the first group, a large number of recombination centers have to be introduced into the active area to shorten the carrier recombination time for high-speed operation at the expense of low sensitivity and less compatibility with field effect transistor integrated circuit fabrication. In the second group, small finger spacing is utilized to decrease the transit time and increase the device speed [3] . For MSM-PDs, the smaller the spacing, the shorter intrinsic response time is. Furthermore, for the recombination time-limited photodetectors, smaller finger spacing can increase the sensitivity. On the other hand, the smaller finger width, the less detector capacitance and the shorter external response time. However, the downsizing of the electrode spacing leads to a decreased active area resulting in sensitivity degradation.
Since the Extraordinary Optical Transmission (EOT) phenomenon was first reported by Ebbesen et al. [4] , many efforts have been devoted to exploring the EOT through metallic gratings with various sub-wavelength structures, such as periodic slit arrays, hole arrays, and corrugated metal films for different wavelength regions [5] . Recently, investigating the role of surface plasmon (SP) in periodic structures has become a major research topic. It has also been established that the transmission of light through a hole (or slit) in a metal film can be enhanced by microstructuring the top or bottom surfaces of the film with gratings. These gratings couple the incident light to surface plasmon polaritons (SPPs) that are guided into the holes [6] [7] [8] .
The application of SPPs for enhancing the light transmission or absorption using subwavelength apertures has promised a large enhancement in light transmission. A new technique has been reported by Collin et al. [9] for efficient light absorption in MSMPDs. They confirmed that the confinement of light in subwavelength metal-semiconductor gratings can be achieved by Fabry-Pérot resonances involving vertical transverse magnetic and electric guided waves, thereby increasing the quantum efficiency. Recently, Tan et al. reported a semi-analytical model and a numerical modelling of light absorption in 980nm MSM-PDs with plasmonic nano-gratings using the finite difference time domain (FDTD) method [10] .
In this paper, we use FDTD method to optimize the parameters of an ultrafast MSP-PD structure; such as subwavelength aperture depth, height of the nanograting, duty cycle, and other structure parameters to improve the light absorption in the active area of the device. Our simulation results show that an ultrafast plasmonic MSM-PD structure can attain 10-times better absorption than conventional MSM-PDs, and this is mainly due to the extraordinary optical signal propagation through the metal nano-grating.
II. DESIGN OF ULTRAFAST MSM-PDS
For the design of an ultrafast MSM-PD structure, we used the FDTD method to explore the application of SPs to improve the light transmission through a subwavelength aperture. A conventional MSM-PD structure is shown in Fig. 1(a) . It consists of a two metallic (Au) contacts separated by a subwavelength aperture of width X w and height (thickness) h s . Fig. 1(b) shows an MSM-PD structure consisting of a subwavelength aperture sandwiched between linear metal nano-gratings of heights h g , and a period (Λ Λ Λ Λ) and a duty cycle of X%. The entire structure is grown on top of a semiconductor (GaAs) substrate The nano-corrugations are required in order to provide the momentum difference, satisfy the dispersion relation and allow collective resonant coupling between the incident light and electrons oscillation in the MSM-PD metal fingers. The metal nano-grating period Λ can be obtained from the following relation [10] [11] (1) where k sp , ω, θ and c are the SPPs wave vector, angular frequency, light incidence angle the speed of light in vacuum, respectively. The complex dielectric permittivity of the metal is defined as and that of the air is ε d . Using equation (1), a period of Λ = 815 nm for the Au/air interface corresponds to a GaAs MSM-PD with an edge of absorption of around 830 nm for θ = 0.
To maximize the light concentration effects, we combine two distinct mechanisms that relate to the presence of the subwavelength aperture and the nano-grating [12] . The metallic subwavelength aperture supports a propagating TE mode with the EOT. Consequently, with an appropriate choice of its width, the subwavelength aperture forms a Fabry-Pérot resonator; therefore, the light transmission through the subwavelength aperture is resonantly enhanced. On the other hand, the nano-grating enhances the light transmission through the subwavelength aperture region by converting the incident EM waves into SPs propagating on the metal surface, which can be funneled into the subwavelength aperture [13] . With an accurate choice of geometric parameters of the structure, these two mechanisms can occur at the same time, resulting in an enhanced efficiency of the device.
To design the MSM-PDs (with and without a metal nano-grating), we used a 2D FDTD models software that was developed by Optiwave Inc. The structure had a mesh step size of 10 nm and a time step satisfy the condition of δt < 0.1δx/c. This high-resolution sampling yielded solutions that converged at reasonable computation times. The excitation field was modeled as a Gaussian-modulated continuous wave in z-direction. The anisotropic perfectly matched layer (APML) boundary conditions were applied in both the x-and z-directions to accurately simulate the light reflected from the bottom and both sides, as well as light transmitted from the top boundaries of the MSM-PD structure. The gold (Au) dielectric permittivity was defined by the Lorentz-Drude model [14] and the GaAs dielectric permittivity data was taken from [15] .
III. RESULTS AND DISCUSSION
Initially, we used the conventional MSM-PD without grating ( Fig. 1(a) ) to optimize the subwavelength aperture height h s , because the transmission of light through the subwavelength aperture is strongly dependent on it. The height (h s ) was varied between 50-120 nm with steps of 20 nm, while keeping the subwavelength aperture width x w constant at 100 nm. The calculated normalized transmitted power (normalized to the incident power) shows that the maximum light transmission for a subwavelength aperture height of 160 nm.
After optimizing the subwavelength aperture height, h s , three parameters of the SPPs-enhanced MSM-PD structure are optimized. These are the nano-grating height, h g , duty cycle X%, and the number of nanograting pitches. Each parameter was varied over a certain range of values, while all other parameters were kept constant.
a) Nano-grating Height Optimization
By defining a term called light transmission enhancement factor (Γ), which is the calculated light transmission of the device with the nano-grating divided by that without the nano-grating, we can give a concise expression for the increase in transmitted flux into the active area for the same device with and without the nano-grating.
Taking the subwavelength aperture height of 160 nm, x w of 100 nm, 50% duty cycle, and 4 grating periods, the nano-grating height h g was varied from 10 nm to 150 nm in steps of 20 nm. Furthermore, the h s was decreased from 150 nm to 10 nm in the same steps to keep the subwavelength aperture height constant at160 nm. 2 shows Γ spectrum for different nano-grating heights. The transmission spectra make it apparent that the nano-grating height has a significant impact on the amount of power transmitted into the semiconductor area. The effects of the nano-grating height on the transmitted power into the active area become clearer by plotting the value of the maximum Γ as a function of the nano-grating height, as shown in Fig. 3 . The maximum Γ is obtained at h g = 120 nm and h s = 40 nm. Another interesting observation can be recognized from these spectra that the central position of the optimum wavelength is red-shifted. The wavelength (λ λ λ λ max ) at which Γ is maximum is plotted versus the nano-grating height to elucidate the effects of the nano-grating height as shown in Fig. 4 . The maximum Γ is at 878 nm, which is not the design wavelength of the nano-grating. However, this wavelength still falls within the absorption range of GaAs, and thus, it is adequate for increasing the transmission through the subwavelength aperture into the active area. 
b) Nano-grating Duty Cycle Optimization
The nano-grating duty cycle was varied from 0% to 100% in steps of 10%, while the heights h s and h g were kept at 40 nm and 120 nm respectively. Fig. 5 shows the Γ spectra versus the duty cycle. It is apparent that, as with the nano-grating height, the duty cycle not only affects the amount of the light flux transmitted into the active area, but also the peak wavelength. The maximum Γ and the peak wavelength are plotted against the duty cycle in Fig. 6 and Fig. 7 , respectively. 6 shows that the maximum Γ is relatively steady between 45% and 60%, while the peak wavelength of the maximum enhancement gradually rises between 867 nm and 900 nm (as shown in Fig. 7) , which is at the edge of the absorption band of GaAs. For nano-grating duty cycles below 40% and above 65% the maximum Γ falls rapidly.
Finally, the impact of the nano-grating period numbers was investigated. The maximum Γ was obtained when the number of the nano-grating periods is 7 and 8. 
c) Simulation of Optimized Device
The optimized device was subsequently simulated using the parameters determined in the previous sections, which are: i) subwavelength aperture width of 100 nm, ii) nano-grating height of 120 nm, iii) nano-grating duty cycle of 50%, and iv) number of the nano-grating periods of 7. The light enhancement transmission spectrum for the optimized device is shown in Fig. 8 . From Fig. 8 , it is observed that the light transmission enhancement factor is ~10-times, however, the peak wavelength is shifted to 867 nm. Furthermore, this wavelength is still within the range of absorption spectrum of GaAs. The electric and magnetic field distribution components (E x , H y , and E z ) for the optimized MSM-PDs with and without the nano-grating are shown Fig. 9 . These field distributions clearly show the SPPs coupling effects and the light transmission enhancement through the subwavelength aperture with the incorporation of the nano-grating. Fig. 9 (b) shows that a small fraction of the electric field is transmitted into the active area of the device without the nano-grating. The magnetic field distribution for the MSM-PD with the nano-grating ( Fig.  9(a) ) shows a significant amount of the total magnetic field is transmitted into the active area. The field distributions for the device with the nano-grating clearly show the presence of a TM polarized wave propagating along the surface, as predicted by the SPPs coupling theory [16] . These simulated field distributions serve as a proof of concept for the SPPs enhanced MSM-PD.
IV. CONCLUSION
We have designed and simulated the performance of an ultrafast plasmonic MSM-PD device employing a metal nano-grating for the enhancement of light transmission (and hence responsivity-bandwidth product) through a subwavelength aperture. FDTD method has been used to optimize the various device parameters, namely the subwavelength aperture depth, the nano-grating height, the grating duty cycle, and other structure parameters for maximum light transmission enhancement. Simulation results have shown that the plasmonic MSM-PD structure can attain a maximum light transmission enhancement factor of ~10-times better than the achieved with conventional MSM-PD. These simulation results are useful for the development of high-responsivitybandwidth MSM-PDs.
